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The influence of semipermeable membrane behaviour on salt diffusion through a geosynthetic clay liner (GCL)
was investigated by conducting multi-stage membrane tests on four GCL specimens at different effective stresses
(r  ¢ = 34∙5–242 kPa) in flexible-wall cells. Each test was conducted by circulating five source potassium chloride solutions,
sequentially from lowest to highest concentration (Co = 3∙9, 6∙0, 8∙7, 20, 47 mM), across the top specimen boundary,
while circulating de-ionized water across the bottom boundary. Membrane efficiency coefficients (v) were determined
from differential pressure measurements, and effective salt-diffusion coefficients (Ds* ) were inferred from boundary
electrical conductivities. Increases in Ds* with increasing Co were observed for all specimens and were correlated to
decreases in v. In each case, Ds* decreased linearly toward zero as v → 1, regardless of the applied r  ¢. These results
support the hypothesis from pore-scale physical modelling that Ds* for GCLs exhibiting membrane behaviour may be
expressed as a linear function of the quantity 1 − v.

Notation
C
Ds*
Dso
Dse
EC
Jd
L
P
Qt
R
T
n
ne
t
x
q
s¢
ta
tm
tr
w

molar solute concentration
effective salt-diffusion coefficient
free-solution salt-diffusion coefficient
matrix salt-diffusion coefficient
electrical conductivity
diffusive solute flux
GCL specimen thickness
pressure
cumulative moles of diffused solute
universal gas constant
absolute temperature
total porosity
effective porosity
time
direction of transport
ratio of effective to total porosity
effective stress
apparent tortuosity factor
matrix tortuosity factor
restrictive tortuosity factor
membrane efficiency coefficient

Introduction
The ability of clays to act as semipermeable membranes that
inhibit the passage of solutes while allowing relatively unimpeded
migration of water is well recognized. Although much of the
historical literature on membrane behaviour pertains to natural
clays and shales (e.g., Greenberg et al., 1973; Kharaka and Berry,
1973; Marine and Fritz, 1981; Neuzil, 1986; Young and Low, 1965),
many of the more recent studies have investigated such behaviour
in engineered clay barriers used for geoenvironmental containment,
including geosynthetic clay liners (GCLs), compacted clay liners,
and soil-bentonite vertical cutoff walls (e.g., Henning et al., 2006;
Kang and Shackelford, 2010, 2011; Keijzer et al., 1999; Malusis
and Shackelford, 2002a,b; Mazzieri et al., 2010; Shackelford,
2013; Yeo et al., 2005). These studies show that GCLs are most
likely to exhibit significant membrane behaviour owing to the
high content of sodium bentonite in these barriers. Such behaviour
can improve the containment performance of a GCL by reducing
the flux of aqueous miscible contaminants through the GCL due
to hyperfiltration, chemico-osmotic flow, and restricted diffusion
(Malusis et al., 2003).
Regarding restricted diffusion, experimental studies have shown
that the effective salt-diffusion coefficient, Ds*, for GCL-type
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specimens tends to decrease with an increase in the membrane
efficiency coefficient, w (Di Emidio, 2010; Dominijanni, 2013;
Malusis and Shackelford, 2002b). This effect of decreasing Ds*
with increasing w has been referred to as “implicit coupling,”
because the effect is not explicitly captured in macro-scale
theoretical formulations for coupled solute flux based on
nonequilibrium thermodynamics (e.g., Malusis and Shackelford,
2002b, 2004a,b; Malusis et al., 2012). Theoretical studies by
Dominijanni (2005) and Dominijanni and Manassero (2012) based
on physical modelling at the pore scale have shown that Ds* may be
approximated as a linear function of the quantity 1 − w. However,
the validity of this linear function for GCLs is supported by limited
experimental data (Dominijanni et al., 2013; Malusis et al., 2012)
and has not yet been investigated for GCL specimens tested under
different stress conditions.
In this study, the influence of w on Ds* for GCLs was investigated
using the results of multi-stage membrane tests conducted by Kang
(2008) on GCL specimens, each consolidated under a different
effective stress (s'). The w values for these specimens were
reported previously by Kang and Shackelford (2011). The diffusion
results presented herein were inferred from the tests of Kang (2008)
and are used to further assess the validity of the linear relationship
between Ds* and 1 − w.

Background
Consider a salt-diffusion experiment in which a clay membrane
is placed in a closed system between two sealed reservoirs, as
illustrated in Figure 1. The source reservoir contains a binary salt
(potassium chloride) solution, whereas the collection reservoir
contains de-ionized water (DIW). The diffusive molar fluxes, Jd, of
the salt cation (c) and the salt anion (a) may be expressed as follows
based on Fick’s law:

1.

J cd = - nDs*

¶Cc
¶C
; J ad = - nDs* a
¶x
¶x

where n is total porosity and Cc and Ca are the molar concentrations
of the cation and anion, respectively. The effective salt-diffusion
coefficient, Ds*, is defined as the product of the salt-diffusion
coefficient in free solution, Dso, and the apparent tortuosity factor,

ta (i.e., Ds* = taDso), whereas ta can be expressed as the product of a
matrix tortuosity factor, tm, and a restrictive tortuosity factor, tr, as
follows (Malusis and Shackelford, 2002b):
N

τ a = τ mτ r = τ m
2.

3.

Ds* = τ rτ m Dso = τ r Dse

where Dse (= tmDso) is termed herein the matrix salt-diffusion
coefficient or the effective salt-diffusion coefficient that accounts
only for the matrix tortuosity.
Since tm is associated solely with the geometric interconnectivity
of the pores, tm and Dse generally are considered constant for a
given arrangement of soil particles and, therefore, independent of
solute concentration. In contrast, tr for clay membranes decreases
with increasing w (Malusis and Shackelford, 2002b). Theoretically,
tr = 0 for ideal membranes (w = 1) that completely exclude solute
migration. However, higher solute concentrations cause shrinkage
of the diffuse double layers (DDLs) surrounding the clay particles
and a decrease in w, such that tr ® 1 as w ® 0, assuming that
all other potentially restrictive effects are insignificant. Under this
assumption, Ds* (w = 0) = Dse based on Equation 3.
Alternatively, restricted diffusion in clay membranes may be
represented as a porosity restriction, where the effective porosity,
ne, available for solute migration is less than n (e.g., see Shackelford
and Moore, 2013). On this basis, Manassero and Dominijanni
(2003) expressed tr in Equation 3 as an effective porosity ratio,
q (= ne/n, where ne = n and q = 1 when w = 0, and ne = q = 0 when
w = 1). Furthermore, Manassero and Dominijanni (2003) proposed
that q (= tr) may be approximated as a simple, linear function of w,
as follows:
q = tr = 1 – w

K+
Clay
CI-

DIW

x

Figure 1. Salt diffusion of potassium chloride through a clay in a
closed system (DIW, de-ionized water)

2

i =1

where tm accounts for tortuosity associated with the geometry of
the interconnected pores and tr accounts for any number (N) of
other mechanisms (represented by ti) that restrict diffusion, such as
solute exclusion and solute drag near particle surfaces (e.g., Kemper
et al., 1964; Shackelford and Daniel, 1991; Shackelford and Moore,
2013). Based on Equation 2, Ds* may be written as follows:

4.
Potassium
chloride
solution

Õτ i

Substitution of Equations 3 and 4 into Equation 1 yields the
following alternative expressions for diffusive flux of the cation
and anion in Figure 1:

5.

J cd = - n (1 - ω )Dse

¶Cc
¶C
; J ad = - n (1 - ω )Dse a
¶x
¶x
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Although Equation 4 is supported theoretically on the basis of
physical modelling at the pore scale, that is, provided that pore-scale
variations in pressure, ion concentration, and water velocity within
the membrane are negligible (Dominijanni, 2005; Dominijanni
and Manassero, 2012; Dominijanni et al., 2013), experimental
support for the validity of Equation 4 is limited. For example,
measured values of Ds* reported in the literature for GCL or GCLtype specimens subjected to inorganic salt (potassium chloride,
sodium chloride, or calcium chloride) solutions (Di Emidio, 2010;
Dominijanni et al., 2013; Malusis and Shackelford, 2002b) are
plotted as a function of w in Figure 2a. The corresponding values
of tr computed using Equation 3 (where Dse is determined by
extrapolation of Ds* to the w = 0 axis in Figure 2a) generally follow
the linear trend defined by Equation 4, as illustrated in Figure 2b.
However, given the paucity of data and the scatter in Figure 2b

(R2 = 0∙64), additional data are needed to bolster the validity of
Equation 4.

GCL/potassium chloride (Malusis and Shackelford, 2002b)
NB/sodium chloride (Dominijanni et al., 2013)
NB/calcium chloride (Di Emidio, 2010)
HC/calcium chloride (Di Emidio, 2010)

Effective salt-diffusion
coefficient, Ds*: x10–10 m2/s

5
4

Materials and methods
GCL and potassium chloride solutions
The GCL in this study is the same as that used by Malusis and
Shackelford (2002b) and is sold as Bentomat® by Colloid
Environmental Technologies Co. (CETCO, USA). As described by
Kang and Shackelford (2011), the bentonite component of the GCL
contained 71% montmorillonite and 53% sodium on the exchange
sites. The measured cation exchange capacity was 47∙7 cmolc/
kg, and the liquid limit and plasticity index were 478 and 439,
respectively.
The potassium chloride solutions used in this study ranged in
concentration from 3∙9 to 47 mM and were prepared by dissolving
potassium chloride crystals in DIW. The relationship between
electrical conductivity, EC, and salt concentration for these
solutions is illustrated in Figure 3, along with the same relationship
for similarly prepared sodium chloride solutions, for comparison.
The fitted equation for EC as a function of potassium chloride
concentration was used to estimate boundary potassium chloride
concentrations during the membrane tests, as discussed further in
below.

3
2
1
0

0

0·8
0·4
0·6
0·2
Membrane efficiency coefficient, w

1·0

Testing apparatus
The testing apparatus, illustrated in Figure 4, consisted of a
flexible-wall cell and a hydraulic control system (syringe pump
and stainless steel tubing) to circulate different solutions across the
boundaries of the GCL specimen. During membrane testing, the
source potassium chloride solution (Cot > 0) and DIW (Cob = 0) were
circulated across the top and bottom of the specimen, respectively,
under closed-system conditions such that volume change within the

(a)
1·0

Potassium chloride

0·6
0·4
0·2
0

0

0·6
0·4
0·8
0·2
Membrane efficiency coefficient, w

1·0

(b)

Figure 2. Effective salt-diffusion coefficients (a) and restrictive
tortuosity factors (b) for bentonite specimens in potassium
chloride, sodium chloride, or calcium chloride solutions (GCL,
geosynthetic clay liner; NB, sodium bentonite; HC, HYPER clay)

Salt concentration, C: mM

Restrictive tortuosity factor,
τr = Ds* / Dse

100
τr = 1 – ω
(R2 = 0.64)

0·8

Sodium chloride

10

C = 0·0845 (EC)
R2 = 1
C = 0·0740 (EC)
R2 = 0·999

1
10

100
Electrical conductivity (EC): mS/m

1000

Figure 3. Relationship between measured electrical conductivity
and salt concentration for potassium chloride and sodium chloride
solutions at 25°C
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Applied
confining
stress

Cell water

GCL

Differential
transducer
(DP)
Source
solutions
and back
pressure

C ot

Ct < C ot

C ob

Cb < Cob

Outflow
solutions
and back
pressure

estimated based on changes in porosity computed using measured
changes in cell-water volume. The drainage (back-pressure) lines
were closed after the consolidation stage and before the start of
the membrane/diffusion tests (for more details, see Kang and
Shackelford, 2011).
Membrane testing
The membrane tests were initiated by circulating DIW through the
top and bottom boundaries of each specimen at a circulation rate of
4∙2 × 10−10 m3/s for 7 days to establish a steady baseline pressure
difference. This circulation rate has been proven to be sufficiently
fast to maintain reasonably constant concentration boundaries
(Malusis et al., 2001). The membrane efficiency measurements
were then initiated by circulating the 3∙9-mM potassium chloride
solution across the top specimen boundary while continuing the
circulation of DIW across the bottom boundary. The differential
pressure induced across each specimen, DP, and the EC of the
solutions exiting the top and bottom boundaries (ECt and ECb,
respectively) were measured until DP, ECt, and ECb became steady.
20

Specimen preparation
Four circular specimens of the GCL, with nominal diameters of
102 mm and thicknesses of 10 mm, were cut from a larger GCL
sheet and placed on the base pedestal of a flexible-wall permeameter.
Each specimen was subjected to an effective stress, s ¢, of 34∙5 kPa
(5 psi) under 172 kPa (25 psi) of back pressure and permeated with
DIW to saturate the specimen, measure the baseline hydraulic
conductivity, k, and remove most of the soluble salts initially
contained within the specimen. After permeation, the specimens
were transferred to the flexible-wall membrane cells (Figure 4)
and again subjected to s¢ = 34∙5 kPa. Once consolidation reached
completion under s¢ = 34∙5 kPa, three of the four specimens were
further consolidated under final values of s¢ = 103 kPa (15 psi),
172 kPa (25 psi) or 241 kPa (35 psi) by increasing the cell pressure
in a single loading step (the back pressure of 172 kPa (25 psi) was
maintained constant in all tests). Changes in specimen height were
4

10
5
0
–5
–10

Potassium chloride solutions (mM)
DIW

–7

3·9

6·0

0

7

20

8·7
14

21

47
28

35

Time, t: days
(a)
1000

629
277

Electrical conductivity,
ECb or ECt : mS/m

system was prevented. The applied difference in potassium chloride
concentration across the specimen induced a pressure difference
(owing to the prevention of chemico-osmotic liquid flux through
the specimen) that was measured with a differential pressure
transducer. Furthermore, salt diffusion through the specimen
resulted in collection of solutes in the DIW circulating across
the bottom boundary, such that the solute concentration exiting
the bottom boundary, Cb, was greater than that in the DIW (i.e.,
Cb > Cob). This difference between Cb and Cob provided the basis for
determining Ds* for the specimen. Further details of the apparatus
are provided by Kang and Shackelford (2009, 2010, 2011).

Pressure difference,
−DP: kPa

15

Figure 4. Schematic of flexible-wall membrane/diffusion test
apparatus (adapted from Kang and Shackelford, 2011)

100

EC0 =

126

88·3

56·1

10

ECt
ECb

1
DIW
0·1
–7

3·9
0

Potassium chloride solutions (mM)
20
47
6·0
8·7
7

14
Time, t: days

21

28

35

(b)

Figure 5. Representative results from a multi-stage membrane
test on GCL specimen (s¢ = 34∙5 kPa): (a) pressure difference,
−DP, induced across specimen plotted against time; (b) boundary
electrical conductivities, ECb and ECt, plotted against time
(adapted from Kang and Shackelford, 2011)
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Once the tests were completed for the 3∙9-mM potassium chloride
solution, four additional stages were performed in which the source
potassium chloride concentration was increased sequentially from
3∙9 mM to 6∙0, 8∙7, 20 and 47 mM. Each stage lasted 7 days, which
was sufficient in all cases to achieve steady DP, ECt, and ECb.

for Na+ (the predominant exchangeable cation species in the GCL)
likely was occurring during the tests, the EC calibration curves for
potassium chloride and sodium chloride in Figure 3 are reasonably
similar. Based on these calibration curves, chlorine concentrations
estimated from the sodium chloride curve would be about 14%
higher than those estimated from the potassium chloride curve.

In each stage, the chlorine concentrations in samples of the circulation
outflows from the top and bottom specimen boundaries (Ct and Cb,
respectively, in Figure 4) were estimated from the relationship
between solution EC and potassium chloride concentration in
Figure 3. This approach for estimating chlorine concentrations was
considered sufficiently accurate for this study, given that the GCL
specimens were permeated with DIW to remove most of the excess
soluble salts from the pore water of the specimens before testing.
As a result of this permeation step, the contribution of soluble salts
to ECt and ECb was small. Also, although cation exchange of K+

s¢:
kPa

34.5

103

172

241

Cot:
mM

L:
mm

n:
—

9.5
9.3
9.1
9.0
8.7
8.7
9.5
9.4
9.3
9.3
9.2
9.2
8.2
8.2
8.1
8.0
7.9
7.9
6.4
6.3
6.1
5.8
5.7
5.6

0.81
0.80
0.80
0.79
0.79
0.79
0.80
0.80
0.80
0.80
0.80
0.79
0.77
0.77
0.77
0.76
0.76
0.76
0.70
0.69
0.68
0.67
0.66
0.66

L
æ DQt ö L
æ DQt ö
= -ç
Ds* = - ç
÷
÷
è Dt ø nDCave
è Dt ø n (Cb,ave - Ct,ave )

6.

Values at steady state
ECt:
mS/m

0
3.9
6.0
8.7
20
47
0
3.9
6.0
8.7
20
47
0
3.9
6.0
8.7
20
47
0
3.9
6.0
8.7
20
47

Determination of Ds* for each testing stage was based on the steadystate approach in which the estimated chlorine concentrations were
converted to cumulative moles per unit area, Qt, and plotted as a
function of elapsed time, t (Shackelford, 1991). Values of Ds* were
then computed using the following expression:

2.95
39.2
58.5
81.5
177
415
2.08
46.8
67.6
95.9
203
460
2.62
47.6
67.5
94.9
202
452
2.95
46.3
71.4
101
212
464

ECb:
mS/m
3.10
11.6
20.0
32.7
88.3
211
1.65
7.17
16.8
27.8
72.6
185
3.14
9.09
13.8
22.5
63.5
175
3.63
7.70
13.2
22.5
60.8
148

Ct:
mM
—
2.68
4.12
5.81
12.9
30.3
—
3.22
4.84
6.91
14.7
33.5
—
3.25
4.81
6.87
14.7
33.2
—
3.18
5.05
7.22
15.5
33.7

Cb:
mM
—
0.63
1.25
2.19
6.31
15.2
—
0.41
1.12
1.93
5.25
13.6
—
0.441
0.791
1.43
4.47
12.7
—
0.301
0.711
1.40
4.23
10.7

−DCave:
mM
—
2.98
4.43
6.16
13.3
31.1
—
3.35
4.86
6.83
14.7
33.5
—
3.36
5.01
7.07
15.1
33.7
—
3.39
5.17
7.26
15.6
35.0

−DP :
kPa

w:
—

—
8.18
9.01
8.57
4.90
2.29
—
9.48
11.0
11.0
11.0
11.2
—
12.1
15.2
16.6
16.6
16.1
—
12.9
16.0
16.2
17.6
18.2

—
0.561
0.418
0.286
0.076
0.015
—
0.584
0.461
0.328
0.152
0.068
—
0.719
0.628
0.484
0.226
0.098
—
0.784
0.635
0.459
0.230
0.106

DQt /Dt:
Ds*:
mmol/m2 day ×10−10 m2/s
—
2.76
5.56
9.87
28.1
68.2
—
2.13
4.99
8.70
23.2
60.2
—
1.96
3.50
6.53
19.9
57.0
—
1.37
3.18
6.24
18.5
48.6

—
1.26
1.66
2.08
2.69
2.80
—
0.86
1.39
1.71
2.12
2.41
—
0.72
0.86
1.13
1.59
2.02
—
0.43
0.64
0.87
1.18
1.38

s¢, effective stress; Cot, source potassium chloride concentration; L, specimen thickness; n, total porosity; ECt and ECb, EC of outflows from top
and bottom boundaries, respectively; Ct and Cb, molar chlorine concentrations in outflows from top and bottom boundaries, respectively; DCave,
average boundary concentration difference; DP, induced pressure difference; w, membrane efficiency coefficient computed based on DCave (see
Kang and Shackelford, 2011); DQt /Dt, diffusive molar chlorine flux; Ds*, effective salt-diffusion coefficient.

Table 1. Summary of multi-stage membrane test results for four
GCL specimens
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where DQt/Dt is the steady-state diffusive molar flux (i.e., the slope
of the Qt against t data at steady state), L is the specimen thickness,
and Cb,ave and Ct,ave are the average molar Cl− concentrations at the
bottom and top specimen boundaries, as follows:

specimen consolidated at s¢ = 34∙5 kPa. In each test, an initial
−DP was induced across the specimen while circulating DIW
across both boundaries (see Figure 5a). This initial −DP was nearly
zero in all cases and was subtracted from the −DP measured after
introducing the potassium chloride solutions when computing
w using Equation 8. Likewise, initial ECt and ECb values greater
than that of the DIW were measured during DIW circulation across
both boundaries, owing to the release of residual salts that were
not removed during permeation. These initial EC values remained
reasonably steady during DIW circulation (e.g., see Figure 5b) and
were subtracted from the ECt and ECb values used to estimate the
boundary potassium chloride concentrations.

7.

æ C + Cob ö
æ Ct + Cot ö
Cb,ave = ç b
÷ø ; Ct,ave = çè
÷ø
è
2
2

Membrane efficiency coefficients at steady state were also
computed from average boundary concentrations, as follows:

8.

ω=

-DP
-DP
=
2 RT DCave
2 RT (Cb,ave - Ct,ave )

where R is the universal gas constant (8∙314 J/mol K) and T is
absolute temperature (K).

Results and discussion
Differential pressures induced across the GCL specimens, −DP
(>0), and EC values measured in the outflows from the top and
bottom specimen boundaries (ECt and ECb, respectively) were
plotted as a function of cumulative elapsed time for each test (see
Kang and Shackelford, 2011), as illustrated in Figure 5 for the

15

σ ´ = 34·5 kPa
DQt /Dt =

10

2·76 mmol/m2 day
5

0

The results in Table 1 and Figure 7a show that the values of w
for a given specimen decreased with increasing source potassium
chloride concentration, Cot, due to progressively greater collapse
of the DDLs surrounding the clay particles as the salt diffused into
the GCL pores at progressively higher concentrations (see Kang

Qt (mmol/m2)

Qt (mmol/m2)

15

Effective diffusion coefficients
The results of the multi-stage tests are summarized in Table 1.
The steady-state diffusive fluxes, DQt/Dt, were obtained from the
slopes of the steady (linear) portions of the Qt against t plots for
each stage, which are presented in Figure 6 for the stages conducted
with Cot = 3∙9 mM. The resulting values of Ds* (computed using
Equations 6 and 7) are shown in Table 1, along with the steady-state
values of w reported previously by Kang and Shackelford (2011).

0

1

2

3
4
5
Time t: days

6

10

DQt /Dt =
2·13 mmol/m2 day

5

0

7

σ ´ = 103 kPa

0

10

Qt (mmol/m2)

Qt (mmol/m2)

3
4
5
Time t: days

6

7

6

7

σ ´ = 241kPa

σ ´ = 172 kPa
DQt /Dt =
1·96 mmol/m2 day

5

0

1

2

3
4
5
Time t: days

6

7

Figure 6. Cumulative moles of chlorine per unit area, Qt, diffused
through four GCL specimens (s ¢ = 34∙5, 103, 172, and 241 kPa,
respectively) in the first stage of each multi-stage membrane test
(Cot = 3∙9 mM potassium chloride)

6

2

15

15

0

1

10
DQt /Dt =
1·37 mmol/m2 day

5

0

0

1

2

3
4
5
Time t: days
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1·4
σ‘ = 34·5 kPa
σ‘ = 103 kPa
σ‘ = 172 kPa
σ‘ = 241 kPa

Membrane efficiency
coefficient, ω

1·2
1·0
0·8
0·6
0·4
0·2
0

10
1
100
Source potassium chloride concentration Cot: mM
(a)

Effective salt-diffusion
coefficient, Ds*: x10−10 m2/s

6
5
4

σ‘ = 34·5 kPa
σ‘ = 103 kPa
σ‘ = 172 kPa
σ‘ = 241 kPa

3
2
1
0

10
1
100
Source potassium chloride concentration Cot: mM
(b)

Figure 7. Membrane efficiency coefficients (adapted from Kang
and Shackelford, 2011) (a) and effective salt-diffusion coefficients
(b) as a function of source potassium chloride concentration
for GCL specimens consolidated at different effective stresses
(s¢ = 34∙5, 103, 172, and 241 kPa)

and Shackelford, 2011). The progressively greater collapse of
the DDLs with increasing Cot also increased the sizes of the pore
spaces available for solute diffusion, resulting in an increase in
Ds* (Malusis and Shackelford, 2002b). This trend of increasing Ds*
with increasing Cot was evident in each of the tests in this study,
as illustrated in Figure 7b. Although the lowest Cot tested in this
study was 3∙9 mM, the trends in Figure 7a and b indicate that
progressively lower values of Cot would yield progressively higher
w (toward the theoretical upper bound of w = 1) and progressively
lower Ds* (toward the theoretical lower bound of Ds* = 0).
The results in Figure 7 also reveal trends of increasing w and
decreasing Ds* with increasing s¢ for a given Cot, indicating an
overall reduction in pore size with increasing consolidation.
Although a higher s¢ did not yield a lower total porosity, n, in all
cases, a general trend of decreasing n with increasing s¢ is evident
in Table 1. As noted by Kang and Shackelford (2011), a decrease in
void space would be expected to restrict solute passage and increase
membrane efficiency.

The relationships between Ds* and w for the specimens in this
study are illustrated in Figure 8. Each of the specimens exhibited
a decrease in Ds* with increasing w, consistent with the prior
results illustrated in Figure 2a. Moreover, the decreases in Ds* are
approximately linear, such that the best-fit linear regressions shown
in Figure 8 intersect the Ds* = 0 axis within the range w = 1∙0 ± 0∙1
in all cases. Theoretically, Ds* = 0 should correspond to w = 1,
since an ideal membrane, by definition, completely restricts solute
passage. This theoretical consideration is well supported by the data
in Figure 8.
The theoretical maximum value of Ds* for each specimen,
corresponding to zero membrane efficiency (i.e., w = 0), was
estimated from the linear regressions in Figure 8. As discussed
previously, values of Ds* at w = 0 were interpreted as matrix
diffusion coefficients, Dse. The linear regressions yielded values
of Dse ranging from 1∙5 × 10−10 to 2∙9 × 10−10 m2/s and decreasing
with increasing s¢ (see Figure 9). This trend of decreasing Dse
with increasing s¢ was expected, given the aforementioned
trends of decreasing Ds* and increasing w (for a given Cot) with
increasing s¢.
Restrictive tortuosity factors
Values of the restrictive tortuosity factor, tr, for the GCL specimens
were computed using Equation 3 (i.e., tr = Ds*/Dse) for each testing
stage based on the Ds* values in Table 1 and the Dse values in Figure
9. These values of tr are plotted as a function of w in Figure 10,
along with the best-fit regression of the linear relationship given
by Equation 4 (i.e., tr = 1 − w). The results illustrate that tr
closely follows the linear trend given by Equation 4 (R2 = 0∙976),
regardless of the s¢ employed in the test. Thus, the results in this
study provide compelling evidence that Equation 4 may be a valid
expression for relating tr to w for clay membranes. However,
these results are limited to potassium chloride solutions and GCLs
containing 100% conventional sodium bentonite. Similar analyses
as described herein must be performed for other chemical solutions
and other types of barrier materials exhibiting membrane behaviour
before a more robust conclusion can be made regarding the general
applicability of Equation 4 for clay membranes.

Conclusions
The results of this study demonstrate that effective salt-diffusion
coefficients, Ds*, for a geosynthetic clay liner (GCL) are dependent
on both the source concentration of the salt, Co, and the effective
stress, s¢, applied to the GCL. In addition, the concentration
dependence of Ds* was related directly to the concentration
dependence of membrane efficiency, which has been reported in
several previously published studies on clay membranes. In this
study, Ds* for each GCL specimen approached a maximum value
at zero membrane efficiency (w = 0) and decreased linearly toward
Ds* = 0 as the membrane behaviour approached the ideal condition
(w = 1). Thus, the results support the theoretical requirement that
Ds* = 0 for an ideal membrane that completely restricts solute
passage.
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The maximum values of Ds* corresponding to w = 0, designated
herein as Dse, are considered to be governed solely by the matrix
tortuosity or by the tortuosity associated with the geometry of
the interconnected pores. The Dse values were shown to decrease
with increasing s¢ due to an overall reduction in pore size with
increasing s¢. In contrast, the values of Ds* corresponding to w > 0
are considered to be a function of both the matrix tortuosity factor,
tm, and a restrictive tortuosity factor, tr, that accounts for solute
exclusion owing to membrane behaviour. Values of tr computed
for the GCL specimens in this study were shown to decrease
linearly with increasing w, such that the relationship between tr
and w is well represented by the expression tr = 1 − w that has
been proposed previously on the basis of theoretical studies. Thus,
the results presented in this study provide compelling evidence in
support of the hypothesis that tr = 1 − w is a valid expression for
clay membrane barriers and can be used in coupled solute transport
model formulations to explicitly account for the influence of
membrane behaviour on Ds*. Such an approach would be reasonable,
provided that the input value of w is appropriate for the given
chemical solution, source concentration and barrier being modeled.
Since this study was limited to potassium chloride solutions and
GCLs containing 100% conventional sodium bentonite, additional
testing is warranted to assess the applicability of this expression
for other chemical solutions and other barrier materials that exhibit
membrane behaviour.
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WHAT DO YOU THINK?

To discuss this paper, please submit up to 500 words to the
editor at www.editorialmanager.com/envgeo by 1 January
2014. Your contribution will be forwarded to the author(s)
for a reply and, if considered appropriate by the editorial
panel, will be published as a discussion in a future issue of
the journal.
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